Background: Behavioral genetics identified mGlu7 as a key regulator of brain emotion circuits. Results: An mGlu7-selective, Venus flytrap domain (VFTD)-directed antagonist inhibits fear, synaptic plasticity, stress, and anxiety in rodents. Conclusion: Pharmacological blockers of mGlu7 may represent promising future anxiolytics and antidepressants in man. Significance: The VFTD region of class C GPCRs provides a promising target for computer-assisted drug design.
(ϳ260 amino acids) followed by an intracellular C-terminal domain consisting of 30 -300 amino acids. Downstream signaling is activated by ligand binding to the VFTD, which induces conformational changes that result in a closing of the two lobes and a propagation of the signal via the extracellular cysteinerich domain and the transmembrane and cytoplasmic domains (3, 6, 7) . L-Glutamate, the main excitatory neurotransmitter in the mammalian brain, activates eight subtypes of metabotropic glutamate receptors (mGlu1-8) that belong to class C GPCRs. Based on sequence homology, signal transduction, and pharmacology, mGlu1-8 have been classified into three groups (I-III). We and others have focused on elucidating physiological roles of the group III receptor mGlu7, evolutionarily the most highly conserved mGlu subtype, suggesting it plays a key role in brain and synaptic function (7) (8) (9) . Supporting a key role in brain physiology, mice lacking mGlu7 were shown to have deficits in amygdala-dependent fear learning and aversive behavior (10) , reduced anxiety-and depression-like behavior (11) (12) (13) (14) , and alterations in stress responses, including elevated production of brain-derived neurotrophic factor in the hippocampus (15) . At the synaptic level, mGlu7 appears to regulate presynaptic GABA and L-glutamate release, which may contribute to mGlu7's regulating role in emotion-relevant brain circuitry (14, 16, 17) . This role is also supported by findings in mice using siRNA-induced knockdown of mGlu7, inducing changes in innate anxiety, physiological and behavioral stress responses, and fear learning (18) . Brain-penetrable, low molecular weight compounds that can block mGlu7 function are needed to substantiate these findings in animals and pave the road for possible clinical applications in psychiatry.
Unfortunately, the discovery and development of compounds specifically targeting mGlu7 and suitable for probing its role in vivo is lagging years behind the successful discovery and clinical testing of drugs acting at the group II mGlu2/3 and group I mGlu5 subtypes (19) . The first mGlu7-selective allosteric agonist N,NЈ-dibenzhydrylethane-1,2-diamine dihydrochloride (AMN082) has induced both anxiogenic-like (15, 20) , as well as anxiolytic-like and antidepressant-like behavioral responses in rodents (13, 14, (21) (22) (23) . However, the latter effects seem in contradiction with anxiolytic-and antidepressant-like behavioral changes observed in mice lacking mGlu7 or after siRNA-mediated knockdown. Also, AMN082 has been shown to induce a rapid and long-lasting internalization of mGlu7 receptors, which could translate into functional antagonism of the receptor (24) . Furthermore, the primary metabolite of AMN082, N-benzhydrylethane-1,2-diamine, inhibits serotonin and norepinephrine reuptake transporters (24, 25) . Altogether, these findings may explain the seemingly conflicting results obtained using AMN082 in vivo.
Like AMN082, two systemically active mGlu7 negative allosteric modulators (NAMs) have yielded disparate results in behavioral paradigms despite displaying very similar pharmacological properties in vitro. ADX71743 (26) was shown to have robust anxiolytic-like effects in the elevated plus-maze (EPM) and the marble burying test. In contrast, MMPIP (27) (28) (29) showed no effects in a battery of anxiety-like and depressionrelated tests but was active in spatial learning tasks. Like AMN082, both NAMs likely act via allosteric sites in more lipophilic domains rather than at the VFTD. Increased lipophilicity of compounds may be associated with undesirable off-target effects. Furthermore, single and/or different allosteric ligands do not necessarily affect all downstream signaling pathways of a given GPCR (30) .
To advance our understanding of mGlu7 function and its therapeutic implications, better tool compounds are needed that ideally target a more hydrophilic binding pocket of the receptor. Here, we present 7-hydroxy-3-(4-iodophenoxy)-4Hchromen-4-one (XAP044), which we identified via a high throughput screening effort. XAP044 is the first mGlu7-selective antagonist that binds within the VFTD close to the binding site of the orthosteric agonist L-glutamate. We show that in brain slices XAP044 blocks long term potentiation (LTP) in the lateral amygdala (LA), an assay that is considered an in vitro electrophysiological correlate of fear learning. Furthermore, XAP044 demonstrates a broad spectrum of anti-stress and antidepressant-and anxiolytic-like effects in mice that are consistent with effects observed in mGlu7 knock-out mice and siRNA-mediated knockdown experiments. Because several three-dimensional structures of VFTD regions are known (31) (32) (33) (34) (35) , our findings pave the way to structure-based design of novel compounds targeting mGlu7 and also to more specific and powerful pharmacological agents to probe mGlu7 function in the clinic. Antagonists targeting the VFTD region of class C GPCRs might prove generally applicable to the design of drugs for this class of receptors.
EXPERIMENTAL PROCEDURES
Animals-For in vivo testing, male C57BL/6 mice (from Charles River, Sulzfeld, Germany, for tail suspension test (TST), EPM, and fear conditioning, and from Iffa-Credo, France, for pharmacokinetic (PK) study), male Sprague-Dawley rats (Iffa Credo, France, for PK study), and male OF1 mice (from Novartis Pharma AG, Basel, Switzerland, and Charles River, L'Arbresle, France, for stress-induced hyperthermia (SIH) test) were used. For electrophysiological recordings, male wild type mice and their mGlu7 receptor knock-out littermates on a C57BL/6 background were used as described previously (12) . All mice were individually housed and kept under standard laboratory conditions (12:12-h light/dark cycle, lights on at 0600 h, 22°C, 60% humidity, water and food available ad libitum). All experimental protocols were approved by the Committee on Animal Health and Care of the respective local governments and performed according to international guidelines on the ethical use of animals. All efforts were made to minimize the number of animals used and their suffering.
Drugs and Material-XAP044 (identified by high throughput random drug screening and follow-up chemical efforts), D-(E)-2-amino-4-methyl-5-phosphono-3-pentenoic acid (CGP40116), AMN082, MPEP, and chlorodiazepoxide were synthesized at Novartis Pharma AG (Basel, Switzerland). L-Glutamate, DL-2-amino-4-phosphonobutyric acid (DL-AP4). GABA, and 2-[(1S,2S)-2-carboxycyclopropyl]-3-(9H-xanthen-9-yl)-Dalanine (LY341495) were purchased from Tocris (Anawa Trading SA, Zürich, Switzerland). Forskolin and imipramine were obtained from Sigma-Aldrich. Diazepam was obtained from Ratiopharm GmbH (Ulm, Germany). Drugs were dissolved in 10% Neoral vehicle (Novartis Pharma AG, Basel, Switzerland) and diluted in 0.4% methylcellulose (AMIMED, Allschwill, Switzerland) except for electrophysiological recordings, where XAP044 and CGP40116 were dissolved at greater than 1000fold final concentration in 100% DMSO (Merck) and diluted to final working concentrations just before use. All other chemicals were of reagent grade and obtained from Fluka (Buchs, Switzerland), Merck, Serva (Heidelberg, Germany), or Sigma-Aldrich.
Stable Mammalian Cell Lines-Generation, culture, and pharmacological characterization of stable CHO or L cell lines transfected with mammalian mGlu2, mGlu4, mGlu5a, mGlu6, mGlu6/7, mGlu7a, mGlu7b, mGlu7/5a, mGlu7/6, GABA B , arginine vasopressin 1A (V1a), and oxytocin receptors were conducted as described recently (8, 22, 36 -39) .
Construction of Chimeric Receptors-cDNAs encoding human mGlu6 and mGlu7b were described previously (8, 40) . cDNAs encoding chimeric human mGlu6/7b, mGlu7/6, and mGlu7/5a were constructed by using the polymerase chain reaction overlap extension approach (39, 41) . The mGlu6/7b construct contains 570 amino acids derived from the N-terminal VFTD region of mGlu6 and the remaining C-terminal portion of mGlu7b, comprising the entire transmembrane domain and C-terminal intracellular region. mGlu7/6 is essentially the reverse chimera with the fusion point at amino acid 575. The mGlu7/5a construct contains 865 amino acids derived from the N-terminal extracellular and transmembrane regions of mGlu7 and the remaining C-terminal intracellular portion of mGlu5a.
[ 35 S]GTP␥S Binding Assays-[ 35 S]GTP␥S binding assays were conducted according to the protocol described by Maj et al. (42) using membranes prepared from CHO cells stably transfected with individual receptor genes.
Second Messenger Assays-Measurements of cAMP accumulation and intracellular Ca 2ϩ responses were performed essentially as described previously (8, 36, (42) (43) (44) using CHO and L cells stably expressing individual receptor genes.
Electrophysiological Recordings-Preparation of acute brain slices containing the amygdala and subsequent field recordings were performed as described previously (14, 45) . Male C57BL/6 mice were used to test the dose dependence of XAP044, and male wild type (Grm7 ϩ/ϩ ) and knock-out (Grm7 Ϫ/Ϫ ) littermate mice ((46), F Ͼ 10 backcrossed to C57BL/6) were used to test for potential off-target effects of XAP044 on LTP. Mice were anesthetized with isoflurane and sacrificed by decapitation. The skull covering the cortex was removed, and the brain was quickly excised and placed in ice-cold artificial cerebrospinal fluid equilibrated with 95% O 2 , 5% CO 2 containing (in mM) the following: NaCl (124), KCl (2.5), KH 2 PO 4 (1.2), CaCl 2 (2.5), MgSO 4 (1.3), NaHCO 3 (26) , glucose (10), and saccharose (4). Osmolarity was adjusted to 320 Ϯ 2 mosM by reducing the amount of H 2 O, and pH was set to 7.4. Coronal slices (350 -400 M thick) containing the amygdala complex were cut on a vibrating microtome and maintained until use (at least 1 h) at room temperature in the fully diluted artificial cerebrospinal fluid (osmolarity 306 Ϯ 2 mosM). Field recordings were made in an interface-type recording chamber and superfused with solu-tion containing 5 M picrotoxin (to partially block inhibition) at 27°C. Twisted nichrome wire (50 M diameter) stimulation electrodes were positioned to activate thalamic inputs, and glass recording electrodes (filled with 4 M NaCl, 3-5 megohms) were used to record field excitatory post-synaptic potentials (fEPSPs) from the LA (47) . Responses were recorded with an Axoprobe 1A amplifier and pClamp 9.0 software (Molecular Devices, Biberach an der Riss, Germany). Test stimuli were delivered at an intensity to evoke an fEPSP 25-40% of maximum every 20 s. After recording a stable baseline for at least 10 min in the presence of vehicle (DMSO) or a compound (XAP044 or CGP40116), LTP was induced with five 1-s trains of 100 Hz stimuli delivered every 20 s. Control and drug experiments were interleaved. Wild type and knock-out mice were littermates, and experiments and analyses using slices from transgenic animals were performed blind to genotype. The fEPSP slope was measured and data were normalized to the average baseline fEPSP slope for each slice. The average fEPSP slope was calculated for the interval 30 -40 min after LTP induction.
PK Studies-To estimate exposure of XAP044 in pharmacological studies in mice, plasma and brain concentrations of XAP044 were determined after intraperitoneal administration of XAP044 to mice at 10 and 100 mg/kg, dosed in 10% Neoral vehicle, 0.4% methylcellulose at 10 ml/kg. Plasma and brain samples were collected after decapitation 30 min after dosing. The brain samples were homogenized with 2 mM KH 2 PO 4 buffer. Brain homogenate and plasma samples were subjected to protein precipitation with acetonitrile, and aliquots of the samples were injected into the LC/MS/MS system (CTC PAL autosampler, Rheos Allegro LC pump, LTQ XL MS, all from Thermo Scientific, Waltham, MA). XAP044 was separated from potential metabolites and endogenous matrix components on a Discovery HS F5 HPLC column using a gradient elution with 1% formic acid in water, 1% formic acid in acetonitrile/methanol (50:50 v/v). XAP044 was detected in negative electrospray mode using the MS/MS transition from the deprotonated parent mass to a specific daughter ion (379 to 252 Da). The limit of detection was 5 nM in plasma and 15 nmol/kg in brain.
Full pharmacokinetic profiles in mice and rats were obtained for XAP044 after intravenous (i.v.) and oral (p.o.) administration (Table 1 ). XAP044 was dosed in male C57BL/6 mice in a cassette approach with five structurally similar compounds. A reference compound with known PK properties was always included to validate the cassette dosing. For i.v. injection, 1 mg/kg of each test compound was individually solubilized in N-methylpyrrolidone, mixed together, and diluted in blank plasma. The final formulation mixture (NMP/blank plasma, 10:90 v/v) was administered at 5 ml/kg body weight into the saphenous vein. For oral dosing, 3 mg/kg of each test compound was individually suspended in carboxymethylcellulose, 0.5% w/v, in water/Tween 80 (99.5:0.5%, v/v); suspensions were mixed together and applied by oral gavage at 2.5 ml/kg body weight. Blood was collected by sublingual bleeding or at sacrifice at 5 (i.v.), 15 (p.o.), and 30 min and 1, 2, 4, 6, 8, and 24 h per day. The PK profile of XAP044 in rats was obtained by single compound dosing in dual-cannulated male Sprague-Dawley rats. For i.v. administration, XAP044 was administered at 3 mg/kg in NMP/PEG200 (30:70, v/v) at 0.5 ml/kg body weight into the femoral vein, and for p.o. administration, the compound was suspended in carboxymethylcellulose, 0.5% w/v, in water/Tween 80 (99.5:0.5%, v/v) and was dosed via oral gavage at 10 mg/kg (2 ml/kg body weight). Plasma was generated from blood collected serially from the femoral artery at the same time points as described for mice.
The absorption and disposition parameters were estimated by a noncompartmental analysis using the mean blood concentration (n ϭ 3) versus time profiles after p.o. and i.v. administration. The apparent terminal phase rate constant was determined by choosing the last three data points from the log linear regression of the blood concentrations versus time curve and was used for the extrapolation of the area under the curve to infinity. The absolute oral bioavailability was calculated by dividing the dose-normalized area under the curve after p.o. administration by the respective area under the curve after i.v. administration assuming linear pharmacokinetics between the intravenous and oral doses, respectively.
In Vitro Testing, Binding to Plasma Proteins in Mice and Rats and to Rat Brain Homogenate-The free fraction in mouse and rat plasma as well as in rat brain homogenate was assessed by rapid equilibrium dialysis applying a slightly adapted literature method (48) .
In Vivo Testing, SIH Test-SIH was performed in mice individually housed in small macrolon cages as described previously (18) . Briefly, mice were injected intraperitoneally with vehicle (10% Neoral vehicle, 0.4% methylcellulose), chlorodiazepoxide (10 mg/kg) as positive control, or XAP044 (10, 30, and 60 mg/kg) 30 min before recording rectal temperature. Rectal temperature was then recorded twice at t1 (30 min after intraperitoneal injection) and t2 (45 min after intraperitoneal injection). Recording of t1 indicates baseline temperature and served as stressor. Recording of t2 allows determination of SIH defined as the difference between t2 and t1.
In Vivo Testing, TST-The TST, a well characterized test for assessing depressive-like behavior (12, 49, 50) , was performed as described previously (51) . Mice were injected intraperitoneally with vehicle (10% Neoral vehicle, 0.4% methylcellulose), imipramine (20 mg/kg) as positive control, or XAP044 (10 and 60 mg/kg). Thirty min later, mice were individually suspended by the tail to a vertical ring-stand bar (distance from floor ϭ 40 cm) using adhesive tape (distance from tip of tail ϭ 2 cm). Typically, the animals demonstrated several escape-oriented behaviors with temporally increasing periods of immobility. A 6-min test session was employed, which was videotaped and subsequently analyzed for the time the mice spent immobile (seconds) by a trained observer blind to the treatment.
In Vivo Testing, Elevated Plus-maze (EPM) Test-Anxietyrelated behavior was assessed using the EPM test as described previously (52) . EPM testing took place for 5 min. In Vivo Testing, Fear Conditioning Paradigm-To measure the conditioned freezing response in mice, a computerized fear-conditioning system (TSE, Bad Homburg, Germany) was used as described previously (14, 18, 53) . The cued-fear experiments were performed in two different contexts, A and B, that differed in visual, tactile, and olfactory cues. On day 1, fear acquisition was assessed in context A, which consisted of a transparent perspex box (45 ϫ 45 ϫ 40 cm) with a transparent lid. The floor was made up of 45 ϫ 0.4-m stainless steel bars set 0.5 cm apart, which served as conductors of mild foot shocks; 30 min after intraperitoneal injection of vehicle (10% Neoral vehicle, 0.4% methylcellulose), MPEP (30 mg/kg) as positive control, or XAP044 (10 and 60 mg/kg), each mouse was individually placed into the conditioning chamber and, after a 5-min adaptation period, exposed to five CS-US pairings. The conditioned stimulus (CS) was a white noise (80 db, 8 kHz, 30 s), which co-terminated with a mild electric food shock (US, 0.6 mA, 2 s). After the CS-US pairings, mice were left in the conditioning chamber for 5 min before they were returned to their home cage. Context A was cleaned with a neutral smelling detergent before each trial. On day 2, fear expression was evaluated in context B, which consisted of a black box (45 ϫ 45 ϫ 40 cm) with a smooth floor. After a 5-min adaptation period, the animals received two CS presentations (80 db, 8 kHz, 30 s) with an inter-stimulus interval of 30 s. Context B was cleaned with a lemon-scented detergent before each trial. Boxes were located in a wooden chamber to reduce external noise and visual stimulation, provided with loudspeakers for the acoustic stimuli, and ventilation fans producing a low background noise. Illumination (300 lx for context A and 20 lx for context B) was provided by four white LEDs. Movements of animals were detected by infrared sensors. In both the fear acquisition and the fear expression phases, the time spent freezing (immobility, no infrared beam crosses for more than 1 s) relative to the total time (set to 100%) was automatically recorded and defined as freezing response (%) (54) .
Statistical Analysis-SIH, TST, and EPM test data were analyzed using a Kruskal-Wallis analysis of variance (ANOVA), each followed by a post hoc Dunnett's test when appropriate. Fear acquisition and fear expression data were analyzed using repeated measures ANOVA followed by a post hoc Fisher's least significant difference test when appropriate. Data of electrophysiological recordings were analyzed using two-tailed, paired, or unpaired t test. In all cases, significance was taken at p Ͻ 0.05.
RESULTS
Identification and in Vitro Pharmacology of XAP044-After a high throughput random drug screening campaign for mGlu7selective ligands, subsequent hit confirmation, and lead optimi-mGlu7 VFTD-directed Antagonist Relieves Fear and Stress zation processes, XAP044 was identified. This compound revealed no structural resemblance to the broad spectrum mGlu antagonist LY341495, the orthosteric group III mGlu agonist DL-AP4, the allosteric mGlu7 activator AMN082, or the mGlu7 NAMs ADX71743 and MMPIP (Fig. 1C ). XAP044's pharmacological properties and mechanism of action were further investigated using pharmacological assays, including [ 35 S]GTP␥S binding, accumulation of cAMP, and determining intracellular Ca 2ϩ levels.
A classical [ 35 S]GTP␥S binding assay was performed with membranes prepared from CHO cells stably expressing either human mGlu4, mGlu6, mGlu7b, or GABA B receptors, and concentration-response curves were determined. The results showed that XAP044 selectively and dose-dependently reduced DL-AP4-induced (4 mM) activation of human mGlu7b (IC 50 ϭ 2.8 M; Fig. 1A ). In contrast, XAP044 had no effect on DL-AP4induced activation of [ 35 S]GTP␥S binding by mGlu4 and mGlu6 or on GABA-induced (50 M) activation of [ 35 S]GTP␥S binding by GABA B receptors. For comparison, the broad spectrum mGlu antagonist LY341495 dose-dependently reduced DL-AP4-induced activation of both human mGlu6 (IC 50 ϭ 1.1 M) and mGlu7b (IC 50 ϭ 0.9 M; Fig. 1A ).
Next, we investigated whether binding of XAP044 to mGlu7 inhibits [ 35 S]GTP␥S binding induced by different agonists. To this end, we tested agonists acting at either an allosteric (AMN082) or orthosteric site (DL-AP4) of mGlu7. Concentration-response curves were assessed for XAP044 in the presence of either AMN082 (3 M, a near-maximal concentration) or in the presence of DL-AP4 (4 mM, a near-maximal concentration; Fig. 1B ) using cell membranes expressing rat mGlu7a or human mGlu7b. Increasing concentrations of XAP044 only reduced DL-AP4-induced activation at mGlu7a ( Fig. 1B) and mGlu7b ( Fig. 1A) , with IC 50 ϭ 2.8 -3.5 M, but AMN082-induced activation of mGlu7a or mGlu7b was not affected (Fig. 1B) . These findings suggest that XAP044 may inhibit mGlu7 signaling by interfering specifically with orthosteric ligand binding in the VFTD, as XAP044 did not interfere with AMN082-mediated allosteric activation of mGlu7.
XAP044 Directly Interacts with the N-terminal Extracellular VFTD of mGlu7-To test whether XAP044 binds within the VFTD of mGlu7, we used cell lines expressing human mGlu7b, mGlu6, and two chimeric receptors. The latter receptors had either the extracellular N-terminal VFTD portion of mGlu7 fused to the transmembrane and C-terminal portion of mGlu6 (mGlu7/6 chimera) or the N-terminal extracellular region of mGlu6 fused to the transmembrane and C-terminal portion of mGlu7b (mGlu6/7 chimera; see under "Experimental Procedures," "Construction of Chimeric Receptors," and Fig. 2 ). Both XAP044 and the broad spectrum mGlu antagonist LY341495 dose-dependently inhibited human mGlu7b [ 35 S]GTP␥S binding with IC 50 values of 3.0 and 0.9 M, respectively ( Fig. 2A) . LY341495, but not XAP044, reduced mGlu6 [ 35 S]GTP␥S binding (IC 50 ϭ 0.4 M; Fig. 2B ), confirming the selectivity of XAP044 for mGlu7. The binding of [ 35 S]GTP␥S binding by the human mGlu7/6 chimeric receptor, which harbors the mGlu7 VFTD, was dose-dependently reduced by both XAP044 and Fig. 3A ). We also assessed inhibitory effects of XAP044 on forskolin-stimulated (10 M) cAMP accumulation in CHO cells stably expressing either mGlu2, mGlu7, or GABA B receptors (Fig. 3B ). XAP044 had no agonist-like effect on forskolin-stimulated cAMP accumulation in CHO cells expressing mGlu2, mGlu7, or GABA B receptors (values at ϳ110% of control stimulation obtained with 10 M forskolin, Fig. 3B, open symbols) . Following activation of these receptors using their respective agonists (50 M L-glutamate/mGlu2; 50 M GABA/GABA B ; 3 mM DL-AP4/mGlu7), cAMP accumulation remained at low levels for mGlu2 and GABA B (ϳ30% of the levels obtained after stimulation with 10 M forskolin; Fig. 3B ), whereas increasing concentrations of XAP044 (up to 30 M) on the mGlu7 cells reached cAMP levels comparable with those seen after stimulation with 10 M forskolin (Fig. 3B, filled circles) . In addition to the cAMP data shown in Fig. 3 , we also conducted measurements at the cloned human mGlu8 subtype. Here, XAP044 showed weak antagonist activity with an IC 50 value of 33 Ϯ 9 M (from n ϭ 3 independent determinations). Taken together, these findings demonstrate the mGlu7-selective antagonist action of XAP044 in the cellular cAMP assay.
Next, we assessed the effects of increasing concentrations of XAP044 (up to 16 M) on the intracellular Ca 2ϩ response in the absence and presence of submaximal concentrations of L-glutamate (EC 80 ϭ 10 M) or DL-AP4 (EC 80 ϭ 4000 M) using mammalian cells stably expressing mGlu5a or the chimeric receptor mGlu7/5a (mGlu7 VFTD fused to mGlu5a transmembrane and intracellular region), respectively. XAP044 elicited strong inhibitory effects on the Ca 2ϩ response via mGlu7/5a but had little effect on mGlu5a (40% inhibition at 16 M, Fig.  3C ). Concentration-response curves showed that XAP044 dose-dependently inhibited the DL-AP4-evoked (at EC 80 ϭ 4000 M) Ca 2ϩ response of CHO cells expressing the chimeric receptor mGlu7/5a (IC 50 ϭ 1.0 M; Fig. 3D ). Selectivity was further confirmed by showing that Ca 2ϩ responses evoked by stimulating mGlu5a, V1a, or oxytocin receptors by their respective specific agonists was hardly affected by XAP044 (the IC 50 for XAP044 was Ͼ20 M in all cases; Fig. 3D ). Taken together, these data clearly demonstrate that XAP044 shows selectivity for mGlu7 over several other GPCRs, independent of the assay used ([ 35 S]GTP␥S binding, cAMP accumulation, and agoniststimulated Ca 2ϩ responses). , the chimeric receptors mGlu7/6 (C), or mGlu6/7 (D) as schematically depicted above each plot; the seven-transmembrane region is located to the right of each scheme and has been highlighted for better visibility. All data points represent the mean Ϯ S.E. from at least three independent measurements (n Ն 3) normalized to the control stimulation of near-maximal agonist concentrations (e.g. 4 mM DL-AP4 in the case of mGlu7, set to 100%).
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XAP044 Antagonizes Thalamo-LA LTP via mGlu7-The mGlu7 antagonist XAP044 dose-dependently reduced the magnitude of LTP expressed at thalamo-LA synapses in mouse brain slices (Fig. 4A) . Interestingly, the IC 50 for this effect on LTP was below 0.1 M, and maximum reduction of LTP occurred already at a concentration of 1 M (Fig. 4B ). Therefore, XAP044 seems 20-fold more potent at blocking thalamo-LA LTP in brain slices as compared with blocking signaling of recombinantly expressed mGlu7 receptors. To rule out that the effects of XAP044 on thalamo-LA LTP were nonspecific (i.e. independent of mGlu7), we tested whether XAP044 attenuates LTP also in brain slices of mice lacking mGlu7. XAP044 had no effect on the magnitude of thalamo-LA LTP expressed in brain slices from mGlu7 knock-out mice (unpaired t test, p ϭ 0.4) but significantly reduced this LTP in wild type littermate slices (unpaired t test, p ϭ 0.03), confirming that XAP044 attenuated LTP specifically via its actions on mGlu7 (Fig. 4, C and D) . We also investigated whether the thalamo-LA LTP induced in our experiments was dependent on NMDA receptor activation as reported in rat slices (55, 56) . The specific NMDA receptor antagonist CGP40116 significantly attenuated thalamo-LA LTP in slices from wild type mice and in slices from mice lacking mGlu7 to the same extent (Fig. 4, E and F) . Thus, the LTP in wild type and mGlu7-deficient mice is NMDA receptor-dependent.
In Vivo Plasma and Brain Exposure of XAP044-Before conducting rodent behavioral studies, we determined exposure levels of XAP044 in plasma and brain. The i.p. administration of XAP044 in mice at 10 and 100 mg/kg yielded high plasma and brain concentrations 30 min after dosing. In both plasma and brain, XAP044 levels increased dose-proportionally from 2.8 to 33 M (plasma) and from 1.6 to 13 mol/kg (brain; mean of six mice for each dose). In vitro assessment of XAP044 binding to mouse and rat plasma protein as well as rat brain homogenate revealed high binding (Ͼ99%). Consequently, the free exposure of XAP044 in plasma and brain is assumed to be significantly lower as compared with the high total exposure that was detected.
Full Pharmacokinetic Profiles of XAP044 in Mice and Rats-In mice, XAP044 showed a high total blood clearance of 76 ml/min/kg and a very short apparent terminal half-life of 0.4 h (Table 1) ; the oral bioavailability was also low (17%), preventing XAP044 from being systemically or centrally available for a long time period after dose. Hence, the intraperitoneal route of administration was chosen for behavioral pharmacology in mice. Interestingly, the pharmacokinetic properties of XAP044 in rats were significantly better with a low plasma clearance of 12 ml/min/kg, a long apparent terminal half-life of 4.5 h and a good oral bioavailability (52%; see Table 1 ). Brain-to-blood or -plasma ratios in both species were very comparable ranging from 0.4 to 0.6 and independent of the compound's administration route.
In Vivo Activity of XAP044, Reduction of Physiological and Innate Anxiety and Inhibition of Depressive-like Behavior and Learned Fear-The role of mGlu7 in anxiety and stress behavior is well documented (10, 12, 14, 18, 22, 39) . Several studies investigating mGlu7's role in emotional behavior indirectly suggested receptor blockade as a promising approach (9, 18) . Therefore, we assessed the effects of the mGlu7 antagonist APRIL 18, 2014 • VOLUME 289 • NUMBER 16
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XAP044 in a battery of behavioral tests, including SIH, TST, EPM, and Pavlovian fear conditioning in mice.
SIH Test-Treatment with the orthosteric-like mGlu7 antagonist XAP044 dose-dependently attenuated the stress-induced rise in rectal body temperature (H(4) ϭ 20.1, p Ͻ 0.001; Fig. 5A ). The post hoc analysis revealed no significant effect of 10 mg/kg of XAP044 (p Ͼ 0.05), whereas 30 mg/kg (p ϭ 0.009) as well as 60 mg/kg (p ϭ 0.006) of XAP044 significantly attenuated the stress-induced rise in rectal temperature compared with vehicle-treated animals. As expected, SIH was also reduced by the benzodiazepine-anxiolytic chlorodiazepoxide (10 mg/kg, p Ͻ 0.001; Fig. 5A ), which was used as a positive control. XAP044 did not show any significant effect on basal body temperature at any of the tested doses (p Ͼ 0.05 in all cases; data not shown).
TST-XAP044 treatment also decreased immobility in the TST (H(3) ϭ 32.2, p Ͻ 0.001; Fig. 5B ). Both 10 mg/kg (p ϭ 0.01) and 60 mg/kg (p ϭ 0.001) of XAP044-injected intraperitoneally significantly reduced the time the mice spent immobile compared with vehicle-treated animals. Injection of the tricyclic antidepressant imipramine (20 mg/kg; p Ͻ 0.001), used as pos- 
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itive control, also reduced the immobility time compared with the vehicle group.
EPM Test-Moreover, XAP044 treatment decreased innate anxiety-related behavior in the EPM (H(3) ϭ 19.4, p Ͻ 0.001; Fig. 5C ). At a dose of 60 mg/kg, the intraperitoneally injected XAP044 significantly increased the ratio of open/total arm entries on the EPM (p ϭ 0.006) compared with vehicle-treated mice, indicative of a decrease in anxiety-related behavior (Fig.  5C ). The same effect was seen in mice treated with the benzodiazepine diazepam (1 mg/kg; p Ͻ 0.001; Fig. 5 C) , used as positive control. Importantly, the number of total arm entries as an indicator of locomotor activity (Fig. 5D ) was neither affected by XAP044 nor by diazepam treatment (H(3) ϭ 3.2, p ϭ 0.361; Fig. 5D ).
Pavlovian Fear Conditioning-Freezing of the mice during the fear conditioning session on day 1 was found to be significantly affected by treatment (F 3,35 ϭ 16.992, p Յ 0.001). Furthermore, the level of freezing increased across CS-US pairings (F 5,175 ϭ 154.599, p Յ 0.001). Also, XAP044 injected intraperitoneally at a dose of 60 mg/kg resulted in less freezing during the fear acquisition session compared with the vehicle group, which was statistically significant when CS-US pairings were presented for the third time (p ϭ 0.030; Fig. 5E ) and a trend was observed at the fifth CS-US pairing (p ϭ 0.077; Fig. 5E ). This is indicative of delayed short term fear acquisition by XAP044. As a positive control for delayed fear acquisition, the allosteric mGlu5 antagonist MPEP was used (30 mg/kg), which resulted in a significant reduction of the freezing response across all trials (p Յ 0.032 for all pairings). Additionally, fear expression was assessed on the 2nd day. However, neither XAP044 nor MPEP had any effect on the freezing response compared with vehicle-treated animals at CS presentations (F 3,35 ϭ 1.040, p ϭ 0.387; Fig. 5F ). The effect of XAP044 to delay short term fear acquisition in vivo corresponds well with XAP044's mGlu7-dependent inhibition of LTP in the lateral amygdala, an assay that is considered an in vitro electrophysiological correlate of fear learning.
DISCUSSION
In these studies, we present XAP044, the first mGlu7-selective full antagonist that blocks the receptor's signaling pathways via binding to the large extracellular VFTD region of this class C GPCR. Thus, XAP044 presumably acts via a novel site compared with known selective ligands. XAP044 selectively blocks LTP in the lateral amygdala of wild type but not of mGlu7deficient mice, further substantiating a role for mGlu7 in the cellular physiology of the fear and emotion circuitry. XAP044 is systemically active and demonstrates wide spectrum antistress, antidepressant-, and anxiolytic-like efficacy in vivo. Pharmacological blockade of mGlu7 thus is a very promising mechanism for future treatment of various disorders of emotion in man.
XAP044 elicited full antagonist action at mGlu7 that is comparable with classical L-glutamate-site blockers such as magnesium/pyridoxal-5Ј-phosphate glutamate (MPPG) or ␣-cyclopropyl-4-phosphonophenylglycine (CPPG), which, unlike XAP044, do not discriminate between the four group III mGlu subtypes (Ref. 7 and references therein). Our data with chimeric receptors strongly suggest the localization of a novel pharmacological site for XAP044-type antagonists within the VFTD region of mGlu7. We also showed that XAP044 lacks activity at other G i -coupled mGlu and GABA receptors when expressed in identical host cells. Our functional studies provide strong support for a direct interaction of XAP044 with mGlu7 because its mGlu7-dependent and -selective antagonism is seen in the [ 35 S]GTP␥S binding assay, as well as in two different second messenger assays (cAMP and Ca 2ϩ ; Figs. 1-3 ). Furthermore, we specifically showed that XAP044 blocks [ 35 S]GTP␥S binding stimulated by the orthosteric agonist DL-AP4, whereas XAP044 did not inhibit [ 35 S]GTP␥S binding stimulated by the mGlu7 allosteric agonist AMN082. This selective mode of action of XAP044 differs from the mGlu7 NAM MMPIP, which also inhibits the actions of AMN082 (28, 29) . Therefore, independent lines of evidence suggest that XAP044 is a selective and orthosteric-like antagonist that acts at a specific binding site located within the VFTD of mGlu7.
Previously, the synthesis of mGlu7 subtype-selective antagonists that act via the receptor's VFTD has been elusive, presumably because orthosteric receptor activation was mostly achieved by compounds with an ␣-amino acid moiety and a distal ionizable group (e.g. an -phosphono residue), and such 
Pharmacokinetic profiles of XAP044 in mice and rats
The absorption and disposition parameters were estimated by a noncompartmental analysis of the mean blood concentration (n ϭ 3) versus time profile after p.o. and i.v. administration. The apparent terminal phase rate constant was determined by choosing the last three data points from the log-linear regression of the blood concentrations versus time curve and was used for the extrapolation of the area under the curve (AUC) to infinity. The absolute oral bioavailability (BAV) was calculated by dividing the dose-normalized (d.n.) AUC after p.o. administration by the respective AUC after i.v. administration assuming linear pharmacokinetics between the intravenous and oral doses. 7) ). Like their group III agonist counterparts, these kind of antagonists lack mGlu7 selectivity and reliable systemic activity. In contrast, our novel orthosteric-like antagonist XAP044 is in structural terms completely unrelated to amino acids. Its physicochemical properties allow peripheral administration and permit significant penetration of the blood-brain barrier, resulting in substantial blood and brain exposures. Furthermore, XAP044 is receptor (55, 56) . As the reduction of LTP by XAP044 at 1 M was completely abolished in mice lacking mGlu7, it is highly unlikely that the weak antagonistic effects of XAP044 on mGlu5 could be contributing to the reduction of LTP as mGlu5-dependent effects would remain apparent in the knock-outs. XAP044 attenuated the initial facilitation following the high frequency stimulation and LTP. Likewise, both post-tetanic facilitation and LTP are reduced in mGlu7-deficient mice (see also Ref. 14) , and in these mice there was no additional effect of XAP044 on either parameter (see Fig. 4 ). Thus, both post-tetanic potentiation and the resulting LTP of thalamo-LA EPSPs are modulated by mGlu7. In contrast, normal low frequency transmission in LA is modified by mGlu8 and not by mGlu7 (14, 23) . We also verified that the thalamo-LA LTP in mice has similar NMDA dependence than LTP in rats (see Fig. 4 ). Rather surprisingly, XAP044 was significantly more potent in blocking thalamo-LA LTP than it was at blocking mGlu7 in the recombinant receptor assays. The half-maximal blockade of LTP occurred at 88 nM, whereas IC 50 values of 2-5 M were measured in the assays using recombinant cells. At the present time, it remains unclear why these differences in apparent potency exist. One possibility is that endogenous proteins, such as receptor activity-modifying proteins, interact with mGlu7 in neurons conferring higher affinity for the antagonist than is measured in recombinant systems where such proteins may be absent (57) . Alternatively, mGlu7 may influence synaptic plasticity in the amygdala via signaling pathway(s) distinct from those of G i used in the recombinant assays, and the apparent potency of XAP044 for these two pathways may differ. Such ligand bias is well documented for GPCRs, for instance the affinity of the -opioid receptor for agonists may change 18-fold depending on which G protein it is coupled (58) . Further studies are required to understand whether either of these possibilities may be the case for XAP044 and mGlu7. mGlu7 has been shown to play a critical role in amygdala plasticity (14, 22) and at dentate granule cell synapses contacting CA3 interneurons (59 -61) . However, the dearth of specific pharmacological tools has hampered further progress in understanding the physiological roles of mGlu7 and potential therapeutic applications. The nonselective agonist L-AP4, which also interacts with other group III mGlu subtypes, and AMN082, an allosteric agonist but at the same time a strong inducer of mGlu7 internalization, were the main tools available (24, 39, 62) . More recently, different mGlu7-selective NAMs have been reported (26, 29) , which blocked mGlu7 selectively in recombinant cells. However, a stringent assessment of their mGlu7-dependent action in native brain tissues and assays is still missing.
Parameter/species
mGlu7 VFTD-directed Antagonist Relieves Fear and Stress
The data of our in vivo experiments with XAP044 are consistent with published data on the behavior of mGlu7-deficient mice. These mice showed reduced anxiety-and depression-like behavior in several experimental paradigms, such as the SIH test, the marble-burying test, the forced swim test, the TST, the light-dark box, the staircase test, and the EPM test (11, 12) . mGlu7-deficient mice also express a strong general deficit in conditioned fear, whereas mGlu8-deficient mice show a specific but dramatic reduction in contextual fear (14, 23) . Systemic application of XAP044 had very similar behavioral effects as mGlu7 deficiency, a dose-dependent reduction of SIH, slightly reduced immobility in the TST, an increased ratio of open/total arm entries in the EPM test, and less freezing during the acquisition session of Pavlovian fear conditioning (Fig. 5 ). All of this is not only consistent with the phenotype of mGlu7deficient mice but also with mGlu7 siRNA-mediated knockdown studies (11-15, 18, 22, 63) . The main difference between the effects of XAP044 and mGlu7-deficient mice was the compound's low efficacy in TST ( Fig. 5 ) and in the forced swim test (FST, n ϭ 3 independent measurements with no significant reduction in immobility). Interestingly, the effects of the mGlu7 antagonist XAP044 are, at least in part, similar to those previously reported for the allosteric agonist AMN082 (13, 21) . However, as discussed above and earlier (14, 22) , this apparent discrepancy can potentially be explained by the rapid AMN082-induced mGlu7 internalization or effects of active metabolites (see Introduction). It is worth noting that despite widespread efficacy of XAP044 in tests of anxiety and stress, the magnitudes of such effects were less than those of either benzodiazepines, the mGlu5 antagonist MPEP, or mGlu7-deficient mice. This difference in efficacy might be explained by the low concentration of free compared with total XAP044 in brain and plasma (see PK studies above), a drawback of XAP044 that can likely be overcome with future chemical derivatives. Nonetheless, our results with XAP044 further substantiate an important role for mGlu7 in the behavioral physiology of stress, fear, and anxiety.
In conclusion, we have identified an mGlu7-selective antagonist, XAP044, that acts via a binding site within the VFTD region of this class C GPCR and can serve as an invaluable tool for further unraveling the physiological roles of mGlu7. Moreover, XAP044's novel molecular mode of pharmacological blockade carries significant application potential in psychiatry, e.g. in anxiety, mood, and somatic stress-related disorders. XAP044 blocks mGlu7 signaling via the VFTD, whose threedimensional structure is already known (32, 33) . Modeling the interaction of XAP044 within the VFTD of mGlu7, followed by computer-assisted drug design, will facilitate future drug development.
